Nitrate and halide ions coexist in particles generated in marine regions, around alkaline dry lakes, and in the Arctic snowpack. Although the photochemistry of nitrate ions in bulk aqueous solution is well known, there is recent evidence that it may be more efficient at liquid-gas interfaces, and that the presence of other ions in solution may enhance interfacial reactivity. This study examines the 311 nm photolysis of thin aqueous films of ternary halide-nitrate salt mixtures (NaCl-NaBr-NaNO 3 ) deposited on the walls of a Teflon chamber at 298 K. The films were generated by nebulizing aqueous 0.25 M NaNO 3 solutions which had NaCl and NaBr added to vary the mole fraction of halide ions. Molar ratios of chloride to bromide ions were chosen to be 0.25, 1.0, or 4.0. The subsequent generation of gas phase NO 2 and reactive halogen gases (Br 2 , BrCl and Cl 2 ) were monitored with time. The rate of gas phase NO 2 formation was shown to be enhanced by the addition of the halide ions to thin films containing only aqueous NaNO 3 .
Introduction
The loss of nitrogen species to sea salt aerosols through heterogeneous reactions is an important removal pathway for NO y (N 2 O 5 , NO 2 , HNO 3 and ClONO 2 ) in the marine troposphere. Nitrate formed from these reactions is a common constituent of sea salt aerosols (100-400 mM) 30 and is one of the most abundant soluble anions in high-latitude snow and ice. 31, 32 Nitrate photolyzes in the actinic region above 290 nm [33] [34] [35] [36] [37] and is known to be a major source of NO x as well as OH and O( 3 P) in the condensed phase 30, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] including on polar snowpacks and in laboratory studies of frozen nitrate solutions: [50] [51] [52] [53] [54] [55] [56] [57] 
In bulk solutions at room temperature, the quantum yield at 305 nm is f B 0.01 for OH production via reactions (1a) and (2) and an order of magnitude lower (f B 0.001) for O( 3 P) formation in (1b). [33] [34] [35] [36] [37] The OH radical formed from the O À reaction 58 with H 2 O oxidizes Br À and Cl À to form Br 2 , Cl 2 and BrCl. 30, [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] These reactive halogen gases play a significant role in the chemistry and composition of the marine boundary layer (MBL). 45, [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] In the coastal MBL, the photochemical cycling of chlorine enhances tropospheric ozone, whereas gaseous bromine species cause ozone destruction during polar sunrise in polar regions 75, 76, [82] [83] [84] [85] as well as in midlatitudes. [78] [79] [80] [81] 86, 87 However, despite laboratory and field measurements of halogen gases, the mechanisms responsible for halogen release, including those associated with reactive intermediates from nitrate ion photochemistry, are not well understood.
Previous studies in this laboratory established that the photolysis of deliquesced aerosols of NaNO 3 deposited on a Teflon substrate, with either added chloride 99 or bromide ions, 100 showed an enhancement in NO 2 production in the presence of halide ions. The enhancement upon addition of synthetic sea salt was also shown to be similar to that for NaClNaNO 3 mixtures. 101 When bromide ions were present, gas phase Br 2 was generated. The increase in NO 2 production was attributed to the presence of halide ions at the solutionair interface which draw sodium ions toward the surface in a double-layer effect, which in turn attracts nitrate ions. Because of their proximity to the interface, these nitrate ions have a less complete solvent cage than in the bulk phase. The recombination of the reactive fragments initially generated is less efficient, resulting in greater escape of NO 2 to the gas phase. Consistent with the bromide ion effect, Donaldson and coworkers 102 have recently used glancing-angle Raman spectroscopy to detect an enhancement in nitrate ions at the surface of aqueous mixtures of NaNO 3 with NaBr. Interestingly, and inconsistent with the photochemistry experiments and molecular dynamics (MD) simulations, no enhancement was observed with chloride ions. The goal of the present work is to analyze the impact of chloride and bromide ions on the production of gas phase NO 2 and halogens when these anions are simultaneously present. Elucidating the chemistry and photochemistry of such mixtures is critical for interpreting and modeling the chemistry of sea salt aerosols in air or deposited on the snowpack or other surfaces. The competition between chloride and bromide ions for the reactive intermediates generated in the nitrate ion photolysis, Cl À -Br À interhalogen chemistry, and the ability of the competing co-anions to draw nitrate towards the interface via the double-layer effect can greatly complicate the understanding of NO 2 formation in NaCl-NaBr-NaNO 3 systems compared to systems with only single halides. In the present study, a combination of experimental and theoretical approaches are used to examine the impact of these processes on NO 2 formation.
Materials and methods

Photolysis experiments
Photolysis experiments were carried out using 230 L Teflon (51 mm FEP) reaction chambers. The procedure for coating the reaction chambers with salt solutions by a nebulizer is described in detail elsewhere. 100 After being coated with salt, the chambers were filled with synthetic air (Scott-Marrin, Riverside, CA; NO x o 0.001 ppm, SO 2 o 0.001 ppm) that had flowed through a water bubbler to obtain a final relative humidity of 75-78% measured using a relative humidity-temperature probe (Vaisala, HMP 338). The chambers were irradiated with 14 externally mounted narrowband UVB lamps (l B 311 nm, Phillips TL 20 W/01 RS), whose output overlaps with the np* absorption band of nitrate (for lamp spectra see ref. 100 ).
Experiments were conducted at 298 AE 2 K.
Gas phase NO 2 and NO were monitored as a function of time by periodically sampling from the Teflon chamber into a nitrogen oxides analyzer with chemiluminescence detection (ThermoElectron Corp., Model 42C) and into a 28 m multiple reflection White cell optical system 103 interfaced to a Fourier transform infrared absorption spectrometer (Mattson, Infinity 60AR). Infrared spectra were recorded at a resolution of 0.5 cm
À1
with 1024 co-added scans. Both the nitrogen oxides analyzer and FTIR were calibrated in the range of NO 2 levels detected in the experiments using known mixtures of NO 2 prepared by further diluting an initial mixture of 4.57 NO 2 ppmv (Scott-Marrin Inc.) in oxygen-free N 2 with N 2 (Oxygen Service Co., UHP, 99.999%). An atmospheric pressure chemical ionization triple quadrupole mass spectrometer (API-MS) (Perkin-Elmer Sciex, API-300) was used to quantify Br 2 , BrCl, and Cl 2 production. Two mass spectrometry scan modes were utilized in this study, single quadrupole (Q1) and multiple reactions monitoring (MRM), both in the negative ionization mode. Q1 scans monitored ions in a selected range of mass to charge ratios (m/z 30-500 amu) using a single quadrupole. Confirmation of the products was achieved using the MRM technique in which an ion selected using the first quadrupole was collisionally dissociated and the fragments separated and identified using the second quadrupole. 82 The salts NaNO 3 (Fisher, Certified ACS, >99.0%), NaCl (Fluka, >99.5%), and NaBr (Fluka, >99.5%) were used as received from the manufacturers and solutions were made using Milli-Q water (Millipore, 18.2 MO cm, pH 5.5). Experiments on mixtures of NaCl-NaBr-NaNO 3 were carried out by varying the total halide content (Cl À + Br À ) from 0.083 M to 2 M.
The total concentration of chloride plus bromide ions relative to nitrate ions is expressed throughout the paper using the halide mole fraction, w halide , defined as:
The ratio of chloride to bromide ions was varied,
0.25, 1.0, and 4.0, respectively. The nitrate concentration in the nebulizer was held constant for all experiments at 0.25 M. Irradiation experiments were also conducted for thin films of 4 M NaCl, 4 M NaBr, and mixtures of NaBr and NaCl (2 M each) as well as for Teflon reaction chambers with no salt added. In all of these experiments neither NO x or halogen gas was detected. Errors in concentrations are reported as 2s, where s is the sample standard deviation defined as where N is the number of samples and was 3-5 depending on the measurement. 104 
Scanning electron microscopy (SEM)
A scanning electron microscope (Zeiss Evo LS 15) equipped with a Thermo Electron Corporation Ultra Dry Silicon Drift energy dispersive X-ray spectroscopy (EDS) detector was used to investigate the morphology and elemental composition of thin films of NaCl-NaBr-NaNO 3 . An accelerating electron beam voltage of 8 keV was used. The thin films were prepared on copper stubs (Ted Pella Inc.) which were placed inside a Teflon reaction chamber and subjected to preparation as described previously. 100 SEM images were taken after the last evacuation but before the rehumidification step.
MD simulations
Liquid-vapor interfaces containing mixtures of NaCl-NaBrNaNO 3 , and aqueous NaNO 3 were simulated using slab geometry 105, 106 in which unit cells of 30 Å Â 30 Å Â 100 Å were replicated using three-dimensional periodic boundary conditions. 107 All slab simulations contained 864 water molecules and the sum of 72 cation-anion pairs: NaCl, NaBr, and NaNO 3 .
All simulations were run in the NVT (constant moles, volume, and temperature) ensemble using a temperature of 300 K after equilibration using the Berendsen thermostat. 108 All simulations incorporated the polarizable POL3 water model.
109,110
Water bond lengths and angles were constrained using the SHAKE algorithm. 110 The sodium, bromide, and chloride parameters were adapted from the work of Berkowitz and coworkers. 111, 112 The nitrate force field was modeled using parameters by Thomas et al., 113 which combines Lennard-Jones parameters from Minofar et al. 114 and polarizability parameters by Salvador et al. 115 The ion and water force field parameters are provided in Table S1 (ESI †). The MD program employed was Sander in the AMBER 8 suite 116 of programs, using a version that has a modified calculation of the induced dipoles which was introduced to avoid ''polarization catastrophe'' in solutions with nitrate. 117 Particle-mesh Ewald summation was used to treat the long-range electrostatic interactions. 118, 119 The realspace part of the Ewald sum and the Lennard Jones interactions were cut off at 12 Å. The time-step was 1 fs and trajectory data were recorded every picosecond. Each simulation was equilibrated for 2 ns and an additional 10 ns were used for analysis. Table 1 summarizes the numbers of each anion used along with 72 Na + and 864 water molecules in the simulations of the various mixtures. The solvation environment around nitrate ions was investigated for the mixtures of NaCl-NaBr-NaNO 3 by calculating the number of water molecules within 5.5 Å of the nitrogen of NO 3 À as a function of depth into the slab.
Chemical kinetics model
A computational chemical kinetics box model was used to explore the mechanisms of Br 2 and NO 2 production in these systems. The model was created using the FACSIMILE integrator (MCPA software) and includes 128 gas-phase reaction rate constants (Table S2 , ESI †), 182 aqueous-phase reaction rate constants (Table S3 , ESI †), 25 Henry's law constants (Table S4 , ESI †) and 20 photolysis rate constants (Table S5 , ESI †). Transport between the gas and aqueous phase was governed by instantaneous Henry's law equilibrium. The model was parameterized by adjusting the rate constant of the two nitrate photolysis channels ((1a) and (1b)) in order to change the quantum yield of nitrate photolysis products. The rate of the two nitrate photolysis channels was adjusted until simulated NO 2 concentrations matched experimental observations.
Results and discussion
Photolysis experiments on thin films of NaCl-NaBr-NaNO 3 were carried out with constant initial nitrate concentrations, while the ratios of chloride and bromide ions were varied so Table 2 to those from binary mixtures of NaClNaNO 3 and NaBr-NaNO 3 reported earlier. (red squares) and previously reported NaCl-NaNO 3 (blue triangles) experiments. 99 The magnitudes of the rates of NO 2 production for the ternary NaCl-NaBr-NaNO 3 mixture and the trends with w halide are very similar to those previously measured for binary NaCl-NaNO 3 mixtures (blue triangles). Thus, the addition of small amounts of bromide ions to NaCl-NaNO 3 solutions has minimal impact on the rate of release of NO 2 . This is consistent with studies on the photolysis of mixtures of synthetic sea salt
= 660) and NaNO 3 which were within experimental error of NaCl-NaNO 3 . , to those from NaBr-NaNO 3 (pink circles). The NO 2 production rate from the ternary mixture is similar to that for NaBr-NaNO 3 except for w halide = 0.25-0.5. As discussed elsewhere, 100 some segregation of halide and nitrate was thought to occur in the binary NaBr-NaNO 3 mixtures over the range w NaBr = 0.25-0.5, resulting in artificially low rates of NO 2 production. In the present studies, scanning electron microscopy images (Fig. 3 and Fig. S1 in ESI †) of thin films of the salts on copper stubs show that the halide and nitrate ions are generally co-located for the ternary mixtures, indicating that segregation is not as severe as in the binary mixtures. (It is assumed that SEM images of thin films of salt collected on the copper stubs are representative of the same films collected on the Teflon substrate). Thus the presence of chloride ions appears to minimize segregation of the anions and the resulting rates of NO 2 production reflect those from well-mixed salts. The similarity of the rate of production of NO 2 between the ternary mixture and NaBr-NaNO 3 . b Rates from binary NaCl-NaNO 3 and NaBr-NaNO 3 mixtures measured previously 99, 100 were normalized to correspond to the present experiments.
c nd = not determined. was located at z = 0 Å. The GDS is defined as the position along the z-axis that is halfway between where the water density is 10% and 90% of the bulk water density. Predicted density profiles for [Cl À ]/[Br À ] = 1.0 (Fig. 4) show that as w halide increases, nitrate ions are drawn closer to the interface through an electric double layer effect, similar to that predicted 99,100 for the binary NaCl-NaNO 3 and NaBr-NaNO (Fig. S2, ESI †) . The coordination number of water molecules around the nitrate anions is presented in Fig. 5 . Fig. 5a shows a direct comparison of the solvation of nitrate ions in the bulk and at the surface for NaCl-NaNO 3 the high chloride experiments, the water solvent cage of nitrate is reduced from twenty-one water molecules (bulk) to seventeen at 3 Å below the GDS and to twelve water molecules at the GDS. Calculations for the high bromide system (Fig. 5b) shows similar behavior to the high chloride system (Fig. 5a) , suggesting that the reduction of the solvent cage around nitrate at the interface is playing an important role in the increased production of NO 2 in the presence of halide ions. A detailed discussion of how the solvent cage may affect the quantum yield of nitrate photolysis products is presented in a previous manuscript. 100 From the data in Fig. 4 , the predicted percentages of interfacial nitrate ions, defined as nitrate ions within AE5 Å of the GDS, can be calculated. Fig. 6 shows those percentages as well as those for NaCl-NaNO 3 99 as a function of w halide . Error bars (2s) were calculated using the method of block transformations, which provides an estimate of the statistical error in timecorrelated data. 120, 121 The predicted percentages of NO 3 À in the interfacial region show similar trends to the experimentally measured rates of NO 2 production ( Fig. 2a and b) . Most significant is the prediction that the percentage of nitrate ions in the interface region is smaller for [Cl À ]/[Br À ] = 4.0 compared to ratios of 1.0 or 0.25, consistent with the experimentally measured enhancement in NO 2 being smaller for this highest ratio of chloride to bromide ions. Thus, the experimentally measured trends in NO 2 production in the presence of halide ions relative to NaNO 3 are consistent with the nitrate ion being drawn closer to the interface where it has an incomplete solvent cage, allowing more efficient escape of NO 2 to the gas phase. The halogen gases Br 2 , Cl 2 , and BrCl, expected from oxidation of bromide and chloride ions by the reactive intermediates generated in the NO 3 À photolysis, were also monitored as a function of photolysis time using API-MS. The major gas phase halogen observed in all experiments was Br 2 , with smaller amounts of BrCl whose yields were consistently 6% of that of Br 2 . This is expected given that BrCl undergoes further secondary chemistry in the aqueous phase to form Br 2 . 122 No Cl 2 was observed above the detection limit of the instrument (90 ppt). Mass spectra were examined to determine if other halogencontaining species were formed by comparing the ratio of m/z 81 to m/z 160 for Br atom species or the ratio of m/z 35 to m/z 70 for Cl atom species. There was no evidence of chlorine or bromine species in the mass spectra other than BrCl or Br 2 .
The lack of formation of Cl 2 is not surprising since interhalogen chemistry tends to promote the formation of gas phase bromine compounds at the expense of chlorine-containing gases. 60, 69, 70, [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] Results by Frinak and Abbatt 60 showed that when NaCl-NaBr mixtures were oxidized by gas phase OH, Cl 2 was not produced until Br (Fig. 7a-c) .
Fig. 7d-f shows the corresponding rates of Br 2 formation as well as the ratio of the rates of Br 2 to NO 2 formation. There is an initial induction period for Br 2 formation that is most obvious for the larger ratios of Cl À to Br À . The net overall oxidation of Br À leads to the formation of one Br 2 molecule for every two hydroxyl radicals reacted:
If the photolysis of each NO 3 À generates one NO 2 and one O À /OH, then the stoichiometric ratio R Br 2 /R NO 2 should be 0.5. The ratio of the rates of Br 2 to NO 2 formation after the initial induction period (R Br 2 /R NO 2 ) are shown as black open squares in Fig. 7d-f . While there is no trend in R Br 2 /R NO 2 with w halide , the stoichiometry falls in the range from B0.4-0.5, similar to that expected from the overall oxidation reaction (3). This observation is consistent with Br À or Cl À efficiently trapping photolytically generated OH, which is limited by the rate of photolysis of NO 3 À . In a somewhat different but related system, irradiated frozen halide-nitrate solutions, Abbatt et al. 70 reported the ratio of Br 2 molecules to OH formed was 0.6. A computational chemical kinetics box model, which includes both gas phase and aqueous bulk phase chemistry of halide and oxides of nitrogen, was used to explore the mechanisms of NO 2 and Br 2 production in the NaCl-NaBrNaNO 3 system. The solid lines in Fig. 8 show the modelpredicted NO 2 (Fig. 8a) and Br 2 (Fig. 8b) ] system was very similar to those obtained from the initial experimental rates of NO 2 (Fig. 1) and Br 2 (Fig. 7 ) production and is shown in Fig. S3 (ESI †). These results indicate that known bulk phase chemistry is driving Br 2 production, which is dependent on the enhanced rate of NO 2 formation. The total model predicted values for several other gas-phase species (Cl 2 N 2 O 5 , ClNO, ClNO 2 , ClONO 2 , BrNO, BrNO 2 and BrONO 2 ) were o0.25 ppt which is below the detection limits in our system. The initial induction period for gas phase Br 2 (Fig. 8b ) is attributed to bromine compounds being retained in the aqueous phase at high pH which was indicated in the model by a 
The delay in gas phase Br 2 reflects the time to acidify the film via the production of HNO 3 in secondary reactions of the NO 2 . In addition to minimizing the hydrolysis of Br 2 in reaction (4), acid converts BrO À to HOBr and HOBr to Br 2 :
The delay in Br 2 production was also present in previous NaBrNaNO 3 measurements and our model predicts an increase in OH À in that system as well. 100 Das et al. 135 
Although the products of reaction (7) , it is unclear whether the chloride clusters will also play a role in the photochemical generation of NO 2 and Br 2 . The bromine formed in NaCl-NaBr-NaNO 3 was well accounted for by known bulk phase reaction mechanisms as indicated in Fig. 8b suggesting that these clustering events of Br À -H 2 O-NO 3 À are likely a minor source of Br 2 formation.
Conclusions
Experimental results show that quantum yields for NO 2 production from nitrate ion photolysis products in thin films containing NaCl-NaBr-NaNO 3 are enhanced relative to NaNO 3 . The increased production of NO 2 is attributed to halide ions drawing Na + toward the interface that in turn attracts NO 3 À closer to the interface region where there is a reduced solvent cage. MD simulations of NaCl-NaBr-NaNO 3 Raman experiments do not indicate that chlorides ions also lead to nitrate ion enhancement at the interface. It may be that because these experiments are not exclusively surface sensitive, it may not be possible to detect small enhancements at the surface.
Although the experiments reported here were carried out in an aqueous film at room temperature, the results may provide some insight into the photochemistry on ice surfaces. Nitrate ion photochemistry has been proposed to be a major source of OH and NO x in snowpacks. 30, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] 137 Sea salt aerosols are also deposited on the snowpack and can become concentrated in a quasi-liquid layer (QLL) on the surface. [138] [139] [140] Based on the present results, halide ions could significantly impact nitrate photochemistry via enhanced nitrate ion concentrations at the interface of this QLL. The release of bromine in these experiments by the photolysis of nitrate suggests that enhanced nitrate photochemistry on snowpacks containing sea salt or in aerosols containing halides could be an important source of both NO x and tropospheric gaseous bromine.
